WAC04657 is a wild-isolate Streptomyces that has antibiotic activities against multidrug-resistant Gram-negative and Gram-positive pathogens. From a solid-agar culture of this organism we isolated 13-deoxytetrodecamycin, a novel antibacterial molecule. It is one of at least three distinct antimicrobial compounds produced by this strain. The molecule has the molecular formula C 18 H 22 O 5 and is related to the previously discovered compound tetrodecamycin. 13-Deoxytetrodecamycin has potent bioactivity against Gram-positive pathogens including multidrug-resistant Staphylococcus aureus.
INTRODUCTION
New antibiotics are needed to combat the increasing prevalence of antibiotic-resistant pathogens. Most of the existing antibiotics are derived from the secondary metabolites of Streptomyces and other environmental microorganisms. The technology for identifying antibiotics from this source, developed during the 25 years following the discovery of streptomycin, focused on testing culture supernatants for their ability to inhibit the growth of target organisms like Staphylococcus aureus and Mycobacterium tuberculosis. 1 There is now considerable evidence that this technology suffers from a high probability of re-discovering known compounds. 2, 3 The diminishing returns on antibiotic discovery programs were interpreted to mean that most antibiotics produced by Streptomyces had been discovered.
The sequencing of streptomycete genomes suggests that this interpretation was misleading and that this genus has the capacity to provide additional antibacterial compounds having possible clinical utility. [4] [5] [6] [7] The genomes of most Streptomyces species encode genes for 20-50 distinct secondary metabolites, yet the established screening strategies typically reveal 1 or 2 compounds per strain at most. It is not clear whether the 'cryptic' secondary metabolic genes are not expressed in the laboratory or whether they code for bioactive compounds having other functions. For example, some are likely to be siderophores 8, 9 or signaling molecules. 10 It is clear, however, that at least some of them code for antibiotics. Efforts to activate secondary metabolic genes have revealed rare, overlooked and, in some cases, novel antimicrobials thus underscoring the importance of studying this secondary metabolic 'dark matter'. [11] [12] [13] Additional approaches 14, 15 to finding new bioactive chemical matter involve exploring actinobacteria from novel ecological niches, [16] [17] [18] [19] screening unculturable bacteria (for example, teixobactin) 20 and screening for new biological activities, such as the inhibition of antibiotic resistance (for example, aspergillomarasmine A). 21 There is also considerable value in naturally-occurring congeners of known compounds. For example, efforts to identify new vancomycin analogs by mining resistant actinomycetes (pekiskomycin) 22 and targeted probing of environmental DNA metagenomic libraries (arimetamycin A) 23 have revealed compounds with greater antibacterial activity or reduced potential for activating resistance genes than the parent molecule.
In this work, our approach has been to prioritize an environmental strain of Streptomyces for investigation on the basis of bioactivity against antibiotic-resistant pathogens. Preliminary co-culturing experiments indicated that the strain had the capacity to inhibit the growth of resistant Gram-positive bacteria including multi drug-resistant S. aureus (MRSA) and, under some conditions, Gram-negative bacteria like Acinetobacter baumannii. We report here that this bacterium produces at least three antibacterial activities. We show that one of these molecules, which we have called 13-deoxytetrodecamycin (Figure 1) , is a new congener of the tetrodecamycin family [24] [25] [26] and accounts for some of the bioactivity against several drug-resistant Gram-positive pathogens including MRSA.
MATERIALS AND METHODS

General experimental procedures
High-resolution mass spectra were measured using an Acquity UPLC-Xevo G2-S QTof (Waters, Mississauga, Ontario, Canada). UV/visible spectra were recorded with a DU-530 Spectrophotometer (Beckman, Mississauga, Ontario, Canada). Optical rotation was measured on an Autopol IV automatic polarimeter (Rudolph Research Analytical, Hackettstown, NJ, USA). 1D and 2D NMR data were acquired on an Avance III 700 MHz NMR spectrometer (Bruker, Madison, WI, USA) equipped with a 5-mm QNP cryoprobe operating at 700.17 MHz for 1 H NMR and 176.08 MHz for 13 C NMR.
Bacterial culture methods
Streptomyces strain WAC04657 was grown in MYM media at 30°C with or without shaking at 200 r.p.m. MYM media is composed of 4 g D-(+)-maltose monohydrate, 4 g yeast extract, 10 g malt extract and 2 ml trace elements 27 either with or without 20 g agar in 1 l of 1:1 tap water:distilled water. Spore stocks of WAC04657 were made as reported for other Streptomyces. 27 All other bacterial cultures were grown in LB broth at 37°C with shaking at 200 r.p.m.
Colony diffusion assays
Petri dishes (9 cm diameter) with 25 ml of MYM agar were spotted with 10 5 CFU of WAC04657 suspended in 5 μl of 0.85% saline and dried under laminar air flow. Plates were incubated for 48 h and overlaid with 5 ml molten, extra-soft LB agar (2.5 g agar in 1 l LB broth) containing 0.5% (v/v) of indicator organism from overnight culture. Plates were incubated at 37°C overnight and zones of clearance were measured from the edge of the Streptomyces colony to the edge of the zone of clearance.
Phylogenetic tree
To isolate chromosomal DNA, a 250-ml baffled flask with 25 ml of MYM broth and 2.5 ml of 10% glycine was inoculated with WAC04657 spores and incubated for 12 h in a shaking incubator. The cells were collected by centrifugation at 3000 × g for 10 min and all but 3 ml of the supernatant was removed. The loose pellet was suspended in the remaining fluid and aliquots were iteratively pelleted in a microcentrifuge at 16 000 × g for 1 min until all supernatant had been removed. DNA was then extracted from the cells with the DNeasy Blood and Tissue kit (Qiagen) using the 'Pretreatment for Gram-Positive Bacteria' protocol provided by the manufacturer. 16s rDNA was sequenced using the primers AGAGTTTGATCCTGGCTCAG and ACGGCTACCTTGTTACGACTT resulting in a sequence of 1335 bp after trimming. 16S rDNA sequences from other organisms were obtained by performing a blastn search of the NCBI databases with the WAC04657 rDNA sequence as the query. The resulting sequences were aligned with MUSCLE 28 , trimmed and used in MEGA6 29 to build the phylogenetic tree (parameters: model T92+G+I, ML tree, 500 bootstrap replicates).
TLC, bioautography and HPLC analysis
The crude extract was dissolved in chloroform to 4 mg ml − 1 and 10 μl was spotted on a silica TLC plate. The TLC plate was developed in 1:9 methanol: chloroform and visualized by UV at 254 nm or by bioautography. Bioautography was performed by overlaying the TLC plates with extra-soft LB agar mixed with a 0.5% (v/v) culture of B. subtilis 168. Plates were incubated overnight at 37°C, sprayed with thiazolyl blue tetrazolium bromide dye (MTT; 5 mg ml − 1 in H 2 O), and incubated for 1 h at 37°C before visualizing. From a TLC plate run in parallel, the band of silica gel corresponding to the zone of activity was scraped off the aluminum backing and extracted with chloroform. 
Purification of 13-deoxytetrodecamycin
Four hundred milliliters of MYM agar was poured into 24 × 32 cm dishes, inoculated with~6 × 10 7 CFU and incubated for 5 days. The agar and cell mat was macerated and extracted with an equal volume of ethyl acetate overnight. The extract was gravity filtered, dried in a rotary evaporator under vacuum, dissolved in 2 ml of 50% aqueous acetonitrile and loaded onto a 5 g Sep-Pak C18 column (Waters). The column was washed with 10 ml of H 2 O and 10 ml of 30% aqueous acetonitrile. 13-Deoxytetrodecamycin was eluted with 70% aqueous acetonitrile and dried by lyophilization. The 13-deoxytetrodecamycin fraction was then suspended in 50% aqueous acetonitrile, washed with hexane and subjected to an initial round of HPLC purification as described above while monitoring at 271 nm. 13-Deoxytetrodecamycin eluted at approx. 8.0 min. The molecule was dried by lyophilization and further separated by HPLC on a XSELECT CSH Fluoro-Phenyl, 5 μm, 4.6 × 150 mm column (Waters) with H 2 O (solvent A) and acetonitrile (solvent B) as the mobile phases with the following method: 1 ml min − 1 , 35°C; 0 min, 20% B; 3 min, 40% B; 7 min, 40% B; 7.5 min, 20% B; 9.5 min, 20% B. 13-Deoxytetrodecamycin eluted at 6.75 min. The molecule was dried by lyophilization, extracted with chloroform and dried under vacuum to yield pure 13-deoxytetrodecamycin.
Minimum inhibitory concentration
LB agar was melted and cooled to 55°C. Twofold dilutions of molecule from 64 μg ml − 1 to 1 μg ml − 1 were added to the molten agar and poured into petri dishes. Overnight cultures of each indicator organisms were diluted to OD 600 0.001, and 5 μl was spotted onto the antibiotic plates and allowed to dry. Plates were incubated for 16 h at 37°C. The MIC was defined as minimum 
concentration of molecule at which no growth of the indicator organism could be visually detected.
RESULTS
Identification of an anti-MRSA activity WAC04657 is a bacterium of the genus Streptomyces (Figure 2 ) from the Wright Actinomycete Collection (wac.mcmasteriidr.ca). In the course of genetic engineering experiments aimed at potentiating secondary metabolism, we found that it exhibits potent antibacterial activity against several antibiotic-resistant pathogens. This includes Gram-positive pathogens such as MRSA (Table 1) and, under some conditions, Gram-negative pathogens including highly antibioticresistant strains such as A. baumannii (data not shown).
To identify the compounds associated with these antimicrobial activities, we grew solid agar cultures of the organism, extracted with ethyl acetate, evaporated the extracts to dryness and dissolved the extract in chloroform. As an initial means of identifying these activities, we separated the extracts by TLC, and overlaid the plates with the bacterium Bacillus subtilis. Staining the cells with thiazolyl blue tetrazolium bromide (MTT) revealed three zones of inhibited growth (Figure 3a) . The compound showing the greatest activity migrated through the plate with an R f of 0.5. From a TLC plate run in parallel, we chloroform extracted the band of the silica corresponding to the activity, and subjected the resulting compound to HPLC analysis. The chromatograph revealed that the activity consisted of one primary peak (Figure 3b ). This semi-pure product was used to guide method development for HPLC-directed purification of the compound from large-scale crude extracts (Figure 3c ).
Large-scale isolation and purification of antibiotic activity
To isolate the activity in larger quantities, 12.8 l of solid agar culture were macerated and extracted with an equal volume of ethyl acetate. The solvent was gravity filtered and dried under vacuum. The resulting oily, brown extract (663 mg) was suspended in 2 ml of 50% aqueous acetonitrile and loaded onto a Sep-Pak C18 column. The column was washed with 10 ml each of 100% water and 30% aqueous acetonitrile. The active compound was subsequently eluted with 10 ml of 70% aqueous acetonitrile, brought to dryness under vacuum in a centrifugal evaporator (115 mg) and redissolved in 50% acetonitrile. After a hexane wash, the resulting material was purified by reversed-phase chromatography on a C 18 column and lyophilized to yield a light pink powder (4 mg). This was suspended in DMSO, further purified by reversed-phase chromatography on a PFP column and dried by lyophilization (1.2 mg). The resulting white powder was extracted with chloroform and dried under vacuum to yield pure 13-deoxytetrodecamycin (1.1 mg) as a white residue.
Physicochemical properties and structural elucidation of 13-deoxytetrodecamycin
The physicochemical properties of 13-deoxytetrodecamycin are summarized in Table 2 . The compound exhibited a pseudomolecular ion that corresponded to the molecular formula C 18 (Table 3 , Supplementary Figures S1-S6 ) suggested that the compound is a new tetrodecamycin derivative. 26 The main difference is the lack of the hydroxyl group at C-13 of the decalin ring, thus motivating the name 13-deoxytetrodecamycin. The methanetriyl group at C-13 was found at δc 36.8 which indicated the lack of hydroxyl group at this position. 
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This is in contrast to that reported of tetrodecamycin at δc 69.0 (C-13) which corresponded to a tertiary alcohol. 26 The assignment of this methanetriyl group (δ C 36. Supplementary Figures S5 and S6 ). Relative stereochemistry of 13-deoxytetrodecamycin was identical to tetrodecamycin from NOESY data (Supplementary Figure S7) . Originally, the relative stereochemistry of dihydrotetrodecamycin was first proven by X-ray crystal structure determination, and by analogy, the relative stereochemistry of tetrodecamycin was then proved by chemical conversion of tetrodecamycin into two epimers of dihydrotetrodecamycin, one of which had identical 1 H NMR data and specific rotation as dihydrotetrodecamycin. Therefore, the relative stereochemistry of tetrodecamycin was concluded to be the same as dihydrotetrodecamycin. 26 A close inspection of the original 1 H NMR of dihydrotetrodecamycin describes a coupling constant of 3.4 between H-16 and H-15 (J H16,H15 = 3.4 Hz) indicating an eclipsed (syn) orientation, (dihedral angle ≈60°, J = 2-5 Hz). In addition, the coupling constant for H-15 to H-14 is listed as 0.9 Hz and describes a dihedral angle close to 90°(dihedral angle ≈90°, J = 0-2 Hz). This yields the near anti-orientation of O-3 and O-6 as seen in the X-ray crystal structure of dihydrotetrodecamycin. In comparison, it is reassuring to note that 13-deoxytetrodecamycin has very similar coupling constants (J H16,H15 = 2.9 Hz) and (J H15,H14 = 1.8 Hz) representing dihedral angles of~60°,~90°, respectively, for each of these proton pairs and an eclipsed (syn) orientation, offering a relative configuration identical to tetrodecamycin/dihydrotetrodecamycin as represented in Figure 1 . The most difficult structural elucidation aspect of this molecule was the relative configuration of H-13, whether it possessed an anti or syn relationship to H-8, representing either a trans-fused or cis-fused decalin ring system. A complicating factor is the fact that the chemical shifts of H-13 and H-8 coalesce in a range just above 1.2 ppm, near a multitude of other proton chemical shifts. This makes the direct determination of the coupling constant between H-13 and H-8 nearly impossible, and short of an x-ray crystal structure, alternate methods would be needed to determine the relative stereochemistry. The coupling constant between H-14 and H-13 has been determined to be 4.2 Hz, (J H14,H13 = 4.2 Hz) representing a dihedral relationship close to 60°and an eclipsed orientation between H-13 and H-14. In order to minimize the strain of a transdecalin ring system, it would be expected for the C14-OH group and the C-12 carbon attached to C-13 to adopt an anti orientation, placing H-13 and H-14 in a syn orientation and a dihedral angle close to 60°. By contrast, a cis-decalin orientation would force C14-OH group and the C-12 carbon attached to C-13 to adopt a similar syn orientation, causing H-14 and H-13 to have a very small dihedral angle close to zero and a coupling constant above 7 Hz. As a result, J H14,H13 = 4.2 Hz denotes a trans-fused decalin system as is shown in Figure 1 and, although not entirely conclusive due to the coalescing chemical shifts of H-8 and H-13, the relative stereochemistry depicted offers an accurate representation of the data.
Antibacterial activity of 13-deoxytetrodecamycin
To assess the antibacterial activity of pure 13-deoxytetrodecamycin, we determined MICs against a panel of Gram-positive and Gram-negative bacteria (Table 4) . We observed potent activity against the Gram-positive organism in the range of 1 to 8 μg ml − 1 including methicillin-resistant S. aureus ATCC BAA-41 and multi drug-resistant S. aureus ATCC BAA-44. Activity of 13-deoxytetrodecamycin against the Gram-negative organism Escherichia coli has been observed at very high concentrations with disk diffusion assays (data not shown).
DISCUSSION
In this paper we introduced strain WAC04657 and presented the identification, isolation and characterization of the antibiotic 13-deoxytetrodecamycin (Figure 1) , a new congener of the tetrodecamycin family. [24] [25] [26] Previously, this family has only been detected in Streptomyces nashvilliensis which, indeed, is related to WAC04657 according to our 16S rDNA phylogeny (Figure 2 ). Of particular interest is the activity against antibiotic-resistant strains of S. aureus and other infectious bacteria. 13-Deoxytetrodecamycin exhibited potent activity against S. aureus ATCC BAA-44, a strain that the American Type Culture Collection (ATCC) reports is resistant to 31 suggesting the possibility of improving 13-deoxytetrodecamycin's activity further through semi-synthesis. Finally, we note that this compound has limited activity against Gram-negative bacteria. Thus, our observation of WAC04657's activity against Gram-negative bacteria suggests the presence of another antibiotic molecule. 
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